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Abstract 



The momentum dependence of the antikaon optical potential in nuclear 
matter is obtained from a microscopic and self-consistent calculation using 
the meson-exchange Jiilich KN interaction. Two self-consistent schemes are 
discussed, which would lead to substantially different predictions for the width 
of K nuclear bound states. The effect of higher partial waves of the KN inter- 
action, beyond the L = component, is studied and found to have moderate 
but non-negligible effects on the K nuclear potential at zero momentum. At 
momenta as large as 500 MeV/c, relevant in the analysis of heavy- ion col- 
lisions, the higher partial partial waves modify the K optical potential by 
nearly a factor of two. 

PACS: 12.38.Lg, 13.75.Jz, 14.40.Ev, 21.30.Fe, 21.65.+f, 25.80.Nv 
Keywords: KN interaction, Kaon-nucleus potential. 



I. INTRODUCTION 

Understanding the behavior of matter under extreme conditions of density and temper- 
ature, such as those found in neutron stars or in heavy-ion collisions, requires a good knowl- 
edge and control on the modification of the properties of hadrons in the nuclear medium. 
In particular, the in-medium effects on antikaons have received much attention over the last 
years, especially after the speculation of the possible existence of an antikaon condensed 
phase 

Empirical analysis of kaonic atoms predict a strong attractive /('"-nucleus potential, 
but, recently, the data have also been shown to be compatible with a potential which is four 
times less attractive 0. This last potential was obtained from a microscopic self-consistent 
calculation |^ using the chiral non-perturbative model of ref. that reproduces the 
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scattering observables. A recent fine-tuning of this potential , was shown to produce a 
as low as that of ref . [@ . These observations imply that the data on kaonic atoms, although 
giving a strong indication of attraction, do not really constrain the size of the K~ optical 
potential at nuclear matter saturation density. 

The dynamics of the KN interaction is particularly rich due to the presence of an isospin 
resonance, the A(1405), which lies only 27 MeV below the KN threshold. As a result, the 
isospin averaged KN interaction in free space is in fact repulsive. It was soon pointed out, 
however, that in the medium the Pauli blocking on nucleon states moves the resonance to 
higher energies and makes the interaction attractive |J7|-|^. This particular (resonant-like) 
energy dependence of the KN interaction at subthreshold energies requires an especially 
careful treatment of all in- medium effects. In fact, when the attraction felt by the antikaon is 
self-consistently incorporated in the calculation [|T0| it compensates partly the effects induced 
by Pauli blocking and the A resonance gets broader and moves back to lower energies, around 
its free space location. Moreover, since an extremely important ingredient to generate the 
A resonance is the coupling of the KN system to the vrS one, the modification of the pion 
properties was also included in ref. |Q, with the result that the resonance width increased 
further more and the peak shifted upwards to an energy slightly above the free space one. 

Heavy-ion collisions can also provide information on the modification of hadronic proper- 
ties. In particular the enhanced K~ /K^ ratio measured at GSI |11| can also be understood 
assuming that the antikaons feel a strong attraction [|1^-|15|. This lowers the threshold for 



K production, hence enhancing the ratio at subthreshold energies. In a recent work [16|, it 



has been shown that the increase on this ratio could also be explained from the in-medium 
enhanced production of antikaons through S hyperons due to the shifting of the A (1405) 
resonance to higher energies, a mechanism that was already suggested in ref. [17| to explain 
the data of K~ absorption at rest on ^^C [|IB|,|TU|. 



The situation on the antikaon properties in the medium is, at present, far from being 
clear. Although it is commonly accepted that to explain kaonic atom data and the results 
on heavy-ion collisions the K~ must feel some attraction, the magnitude of it has not been 
really determined by the available observations. 

One may aim at extracting this information from theoretical models that have been well 
constrained in free space by the KN scattering observables. Due to the special dynamics 
of the KN interaction, these models must treat carefully all medium effects, as well as the 
energy and momentum dependences of the in-medium KN interaction. The momentum 
dependence of the K optical potential is particularly important in the analysis of heavy-ion 
collisions since antikaons are created at a finite momentum of around 250 — 500 MeV/c. 

Intimately connected with the momentum dependence is the role of higher partial waves 
of the KN interaction. For a relative momentum of the KN pair as large as that explored 
in heavy-ion collisions, the importance of the higher partial waves, beyond the commonly 
considered L = component, might become quite relevant. 

The purpose of the present work is to study all these effects using the KN interaction 
of the Jiilich group |^D[, which is based on meson-exchange. The Jiilich potential predicts 
the A(1405) resonance to be a quasibound KN state and reproduces satisfactorily the KN 
scattering observables. The matrix elements of this interaction depend on the incident and 
outgoing three-momenta, as well as on the total invariant center-of-mass energy. A partial 
wave decomposition is also given in ref. PD], hence allowing the investigation on how the 
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different partial waves contribute to the K optical potential in the nuclear medium. 

The paper is organized as follows. In Sect. |l|we present the formalism to derive the in- 
medium effective KN interaction and the corresponding K optical potential. Our results are 
shown in Sect. |T|, where particular attention is paid to study the effects of the higher partial 
waves on the K optical potential as obtained with two different self- consistent schemes. Our 



conclusions are summarized in Sect. IV 



II. IN-MEDIUM KN INTERACTION AND K OPTICAL POTENTIAL IN 

NUCLEAR MATTER 



In this section we present the formalism to obtain the self-energy or single-particle poten- 
tial of a ^ meson embedded in infinite symmetric nuclear matter. This self-energy accounts 
for the interaction of the K with the nucleons and its calculation requires the knowledge of 
the in medium KN interaction, which we will describe by a G-matrix. The medium effects 
incorporated in this G-matrix include the Pauli blocking on the nucleons in the intermediate 
states as well as the dressing of the K and the different baryon lines. We will explore differ- 
ent ways of dressing the intermediate states in solving the G-matrix, which will define the 
type of self-consistency of the calculation giving rise to the different approaches discussed 
in this paper. 



A. Effective KN interaction 

The effective KN interaction in the nuclear medium or G-matrix is obtained from the 



bare KN interaction derived in the meson exchange framework pO[. As the bare interac- 
tion allows for the transition from the KN channel to the vrS and vrA channels, all having 
strangeness S = — 1, we are confronted with a coupled channel problem. The resultant 
meson-baryon (MB) G-matrices can be grouped in a matrix notation, where each box cor- 
responds to one channel. The KN channel can have isospin / = or / = 1. In the first 
case, it can only couple to the ttS channel and the corresponding matrix has the following 
structure 

while for / = 1 it can couple to both the ttS and ttA channels 



^ GrN- 




Grn- 




Grn- 


-+7rA 










GttS- 


->7rA 


\ CttA- 


*KN 


GttA- 




GjtA- 


+7rA 



Keeping this structure in mind, the G-matrix is formally given by 

(Mi5i I G{VL) I M252)= (Afi^i I V{^) I M2B2) 

+ (MiBi I V{^s) I MsBs)——^^^^^^^—-{M,B, \ G{n) \ M,B,) (1) 
M3S3 \l - - -t^Bs + 
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In Eq. (|l|), Mi and Bi represent the possible mesons {K, ir) and baryons (A^, A, S), 
respectively, and their corresponding quantum numbers such as spin, isospin, strangeness, 
and linear momentum. The function Qm3,B3 stands for the Pauli operator which allows only 
intermediate nucleon states compatible with the Pauli principle. The energy variable Q is 
the so called starting energy that we will always take as a real quantity, while ^/s is the 
invariant center-of-mass energy which enters into the definition of the bare potential 



i.e. ^/s = — P^, where {Q, P ) is the total meson-baryon fourmomentum in a frame in 
which nuclear matter is at rest. 

The former equation for the G-matrix has to be considered together with a prescription 
for the single-particle energies of all the mesons and baryons participating in the reaction 
and in the intermediate states. These energies can be written as 



EAUiBdk) = V^' + <um + UM.mik, EZ^^B^)) , (2) 

where Um^{b,) is the single-particle potential of each meson (baryon) calculated at the real 
quasi-particle energy i^^.j-^.^, obtained by solving the following equation 



Eli(B.)ik) = + mi,^(^^) + Re UM.iB.){k, EZ^^s^) . (3) 

In the present paper we have considered the single-particle potential for the K meson 
and all baryons. While for the A and S hyperons we use the simplified form 

t/A,E = -30^, (4) 
Po 

where po is the saturation nuclear matter density, for nucleons we take the density dependent 



parametrization ||2T| 



Uj,{p,k) = a{p) + (5) 



1 + 



7(P) 



that was fitted to the single-particle potentials obtained from variational calculations using 
realistic A^A^ interactions. The density-dependent real parameters I3{p) and 7(p) are 

given in Table I of ref. [^. The nucleon potential at p = po amounts to —70 MeV. 

In the Brueckner-Hartree-Fock approach, the K self-energy is schematically given by 

UK{k, Ef) = Y: {KN I Gkn^kA^ = E%^ + ) I KN), (6) 

N<F 

where the summation over nucleon states is limited by the nucleon Fermi momentum. 

At the required K energies, the G-matrix in the above equation becomes complex due to 
the possibility of KN decaying into the ttE, ttA channels. As a consequence, the potential 
Ux is also a complex quantity. The explicit calculation of 1/^ will be discussed in the next 
subsection. 

The influence of the medium on the G-matrix is studied by considering different ap- 
proaches to the self-consistent single-particle energy used for the K meson in Eq. (|l]). We 
have taken two prescriptions: a) the real quasi-particle energy defined in Eq. and b) the 
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complex Ef^ defined in Eq. (0) which also contains the imaginary part of Uf^ calculated at 

We solve the G-matrix equation by doing first a partial wave decomposition. Using the 
quantum numbers of the relative and center-of-mass motion, the G-matrix equation in this 
basis reads 

((Mi5i); k"\G'^'\P, n)\{M2B2); k)= m,B,y, k"\V'''\^)\{M2B2);k) 

+ J2 I k'^dk'{{M,B,)-k"\V'^'\^s)\{M^B,);k') 
M3B3 



n - + kl^ - VM|,3 + kl,^ - UbMs) - UuMfJ + 

x{{MsB,y,k'\G'^''{P,n)\{M2B2y,k) , (7) 

where the variables k, k', k" and L denote relative linear momenta and orbital momentum, 
respectively, while P is the linear center-of-mass momentum. The functions k'^ and k\j 
are, respectively, the square of the momentum of the baryon and that of the meson in the 
intermediate states, averaged over the angle between the total momentum P and the relative 
momentum k' (see the definitions in appendix A) 

^|(^^p) = ^- + r-^Vp^ (8) 



Mm + Mb 
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kUk\ P) =k'^+( ] P2 _ /g) 

' ^ ^ \Mm + Mb) ^ ' 

The angle average of the Pauh operator, Q]y.j^^^{k', P), is shown explicitly in appendix A 
and differs from unity only in the case of the KN channel. The total angular momentum 
and isospin are denoted by J and /, respectively. For each J, two values of orbital angular 
momentum, L = J +1/2 and L = J — 1/2, are allowed. However, due to parity conservation, 
the interaction can not mix these two states and, as a consequence, the orbital angular 
momentum is also a conserved quantity. 



B. K single-particle energy in Brueckner-Hartree-Fock approximation 



By using the partial wave decomposition of the G-matrix, the Brueckner-Hartree-Fock 
approximation to the single-particle potential of a ^ meson embedded in a Fermi sea of 
nucleons [Eq. (|^)] becomes 

UjiikK, u = Ef{kK)) = 1 ^ (2J + 1)(2J + 1)(1 + if /'™^ edkf{k, kp:) 

^ L,J,I •'^ 

x{iKNy,k\G'^'\l^,EfikK)+E'^^mmKNyk) , (10) 

where and k% are the square of the center-of-mass momentum and nucleon momentum, 
respectively, averaged over the angle between the external K momentum in the lab system, 
kx, and the KN relative momentum, k, used as integration variable in Eq. (|l^) (see 
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appendix B for details). These angle averages eliminate the angular dependence of the G- 
matrix and allow to perform the angular integration in Eq. (|l^) analitically, giving rise to 
the weight function, f{k,kR), 



f{k,k 



K) 



1 for A; < 

ioi l^kR - {1 + ^)k\ > kp 

kF'-[^kK-{l + Ok] 



2 UU. n , .^.12 (11) 



Ai{l + i)kKk 



otherwise, 



where ^ = -j-^ and kp is the Fermi momentum. The magnitude of the relative momentum 
k is constrained by 

After self-consistency for the on-shell value Uj^ikx, E'^) is achieved, one can obtain the 
complete energy dependence of the self-energy, Uxikj^^oj), which can be used to determine 
the K single-particle propagator in the medium, 

= u^--kl-m\-2m^Up:{k^M ' ^^^^ 
and the corresponding spectral density 

SK{kK,uj) = --\m.DK{kK,^)- (14) 

TT 



III. RESULTS 

We start this section by showing explicitly the most characteristic medium modification of 
the KN amplitude, which is obtained when the Pauli blocking on the intermediate nucleons 
is incorporated. The real and imaginary parts of the resulting in-medium KN amplitudes 
for a total momentum | kj^ + kjq |= are shown in Fig. |l] as functions of the invariant 
center-of-mass energy, for three different densities: p = (dotted lines), p = po/2 (dot- 
dashed lines), and p = po (solid lines), with po = 0.17 fm~'^ being the saturation density of 
nuclear matter. We clearly see, as noticed already by all earlier microscopic calculations, the 
repulsive effect on the resonance produced by having moved the threshold of intermediate 
allowed KN states to higher energies, as a result of Pauli blocking acting on the nucleon. 

Clearly, this shift of the resonance changes the KN interaction at threshold (~ 1432 
MeV) from being repulsive in free space to being attractive in the medium. Since this effect 
is intimately connected with the strong energy dependence of the KN interaction, important 
changes can be expected from a self-consistent incorporation of the K properties on the KN 
G-matrix, as already noted by Lutz and confirmed in ref. 

This type of self-consistent calculations are also common in Brueckner-Hartree-Fock stud- 
ies of the NN interaction, where it is costumary to take the nucleon single-particle energies as 
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real quantities. This amounts to disregard the imaginary part of the in medium A^A^ amph- 
tude in the calculation of the single-particle energy for nucleons above the Fermi momentum. 
We have attempted a similar type of approximate scheme for the K meson, although in this 
case the KN amplitude is already complex at threshold due to the vrA, vrE channels. In 
this simplified self-consistent scheme, only the real part of the K potential is retained in 
the solution of the G-matrix, i.e. the K energy appearing in Eq. (|^) is taken to be the real 
quasi-particle energy of Eq. (|^). 

Once self-consistency is achieved, we calculate both real and imaginary parts of the 
K potential, which are displayed in Fig. ^ as functions of the antikaon momentum, for 
normal nuclear matter density p = pQ. We explicitly show the separate contribution of the 
various partial waves of the KN interaction. At zero momentum the real part of the K 
potential is about —100 MeV and the partial waves higher than the L = component give 
a negligible contribution. Both the real and imaginary parts of the potential show some 
structure between 200 MeV/c and 400 MeV/c. This is connected to the behavior of the 
in-medium KN amplitude which, in this simplified self-consistent scheme, still retains the 
resonant-like shape at p = po- We observe that the high partial waves start being non- 
negligible for momenta larger than 200 MeV/c. It is interesting to focus our attention on 
the imaginary part of the K potential which at low momentum is rather small. This is due 
to the supressed coupling to intermediate vrS states as a result of the strong attraction felt 
by the antikaon combined with the attraction of around —70 MeV felt by the nucleon. The 
in-medium KN system then explores energies below those available for vrS excitations and 
the antikaon width becomes extremely small. In this low momentum region the imaginary 
part of the K potential is essentially due to the coupling to vrA states in the relatively weak 
1 = 1 channel. As seen in the figure, for the vrE channel to start giving a contribution to 
the imaginary part, it is necessary to provide the K with a finite momentum (around 200 
MeV/c), such that the condition £;f + E'^j^ > m^_+ ms + ^ 1300 MeV can be fulfilled. 

The substantial attraction obtained for the K optical potential combined with the ex- 
tremely small imaginary component of the K optical potential might induce to think that 
the chances of producing very narrow, hence observable, deeply bound ^-nucleus states are 
quite high. If these results were confirmed by more sofisticated treatments of the in-medium 
effects, an experimental search for these states should be indeed encouraged. However, as 
we will show in the following, the use of a more realistic self-consistent scheme wears this 
finding off. 

Our second method consists of determining the complete complex K single-particle en- 
ergy given in Eq. (0) self-consistently. That means that the dressing of the K in the 
intermediate states of the G-matrix equation is taken into account through a complex but 
energy-independent self-energy. This gives rise to the so-called "quasi-particle" spectral 
density, which has the energy dependence of a Lorentzian distribution. Although this is an 
approximation with respect to the more sophisticate attempts made in Refs. [§,0, where 
the full energy dependence of the K self-energy is self-consistently determined, it is suffi- 
ciently good for the studies we are carrying out in the present work. Moreover, at the end of 
the self-consistent scheme, we evaluate the spectral density of the K keeping the complete 
momentum and energy dependence of the K self-energy. 

We first show, in Fig. |^, the effect of dressing the antikaon with a complex self-energy 
on the in medium KN amplitude. Comparing with the results shown in Fig. we observe 
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that the resonance peak stays now pretty close or even lower than its free space location. As 
mentioned above, this is due to the attraction felt by the K that compensates the repulsive 
effect induced by Pauli blocking on the nucleon. Secondly, both real and imaginary parts of 
the KN amplitude become much smoother, as a result of the K strength being spread out 
over energies. The resonance gets wider and dilutes much earlier with increasing density. 
We note that these effects are in total agreement with those obtained with the self-consistent 
approaches of refs. P,pi] . 



Our results for the antikaon potential at p = po obtained with this complete self- 
consistent scheme are shown in Fig. |^. The real part of the K potential at zero momentum 
increases to —87 MeV. It is worth noticing that the new scheme has produced a drastically 
different imaginary part. The small value of —3 MeV at zero momentum obtained using 
the simplified scheme turns out to be now around —25 MeV, hence making the observa- 
tion of bound K nuclear states more difficult. This is a consequence of the fact that the 
in-medium KN amplitude becomes smoother and wider when the K energies are complex. 
Since the K spectral density develops a width and, in turn, the K feels a reduced attraction, 
the KN states can couple more easily to the vrS states than in the previous self-consistent 
scheme. From these results one must conclude that any approach claiming for narrow bound 
K nuclear states must be looked at with caution, because the self-consistent scheme affects 
enormously the predicted K properties in the medium. 

The effect of including the higher partial waves of the KN interaction is also seen in 
Fig. ^. We observe that at zero K momentum there is already some contribution of partial 
waves higher than L = due to the fact that the K meson interacts with nucleons that 
occupy states up to the Fermi momentum, giving rise to finite KN relative momenta of up 
to around 90 MeV/c. Clearly, the effect of the higher partial waves increases with increasing 
K momentum, flattening out the real part of the optical potential and producing more 
structure to the imaginary part. At a ^ momentum around 500 MeV/c, the inclusion of 
higher partial waves makes the real part more attractive, from —28 MeV to —52 MeV, and 
practically doubles the size of the imaginary part. 

In Fig. 1^ we represent the real and the imaginary part of t/^ for different densities, ob- 
tained with the scheme that considers the complex potential for the antikaon. As we increase 
the density we obtain a more attractive potential due to two facts. On one hand, as dis- 
cussed previously, the interaction is more attractive at higher densities. On the other hand, 
the K feels the interaction of many more nucleons. The momentum dependence is moderate 
for the real part. In contrast, the imaginary part for densities around the saturation den- 
sity and beyond shows more structure. This momentum dependence is smoother than that 
obtained in ref. from a phenomenological model using the information of the vacuum 
KN amplitudes, where the antikaon optical potential at normal nuclear matter density po 
increases from —140 MeV at zero momentum to around —50 MeV at high momenta. 

Starting from the self-consistent K optical potential shown in Fig. |^ and reproduced 
by the solid line in Fig. |^, we perform two different tests in order to check some of the 
approximations used in the literature. First, we compute the optical potential neglecting 
the nucleon recoil corrections, as done in ref. |]l6l. This amounts to calculate the K po- 
tential at momentum fcj^^ from a Gp type expression, with G being the in-medium 
interaction between a ^ of momentum k^^ and a nucleon of zero momentum. The results 
are displayed by the dashed lines in Fig. ^. While the real part is barely affected by this 
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simplified approximation, the imaginary part shows some non-neghgible differences at low 
momenta. Secondly, we have neglected, in addition, the nucleon single-particle potential. 



which has been claimed to be unimportant in ref. [|1^]. Note that in this later reference a 
small imaginary part of around 10 MeV for the nucleon optical potential is used, but the 
real part is set to zero. The results are shown by the dotted line. The differences with the 
dashed line are quite appreciable at low momenta, both for the real and imaginary parts of 
the K optical potential. 

Finally, once self-consistence is reached, we calculate the full energy dependence of the 
K self-energy which defines the in-medium K single-particle propagator and its spectral 
density through Eqs. ( |T^ ) and (0). The spectral density at zero momentum is shown in 
Fig. 1^ for several densities. As density increases the peak of the K pole moves towards lower 
energies since the K optical potential becomes more attractive. The in medium A(1405) 
resonance gets wider and, although not signaled by any clear peak in the figure, its presence 
can be indirectly noticed from examining the K spectral density on the right hand side of 
the quasiparticle peak, which falls off more slowly than that on the left hand side. We also 
notice some structure of the spectral function to the left of the quasiparticle peak at energies 
of the K of around 320 — 360 MeV, the origin of which can be traced back to a pole of the 
free KN amplitude obtained with the Jiilich interaction in the L = 1, / = 1 channel at an 
energy ^/s = 1230 MeV, about 200 MeV below the KN threshold. This pole comes from 
the S pole diagram of the bare Jiilich potential which moves 35 MeV up in energy due to 
the iteration process involved in T-matrix. Hence, the peak in the spectral function is the 
in-medium reflection of this singularity in the free space T-matrix. The dotted line shows 
the spectral density at p = po but keeping only the L = component of the KN interaction. 
In agreement with the behavior of the optical potential at zero momentum, we observe that 
the location of the quasiparticle peak only moves a few MeV, while the width (height) gets 
reduced (increased) by about 30%. 



IV. CONCLUSIONS 

We have performed a microscopic self-consistent calculation of the single-particle poten- 
tial of a ^ meson embedded in symmetric nuclear matter, using the meson-exchange Jiilich 
KN interaction. 

Due to the strong energy dependence of the KN G-matrix it becomes crucial to follow 
a self-consistent procedure to evaluate the K self-energy. In this work we have analyzed 
two self-consistent schemes which produce substantial different results. When only the real 
part of the K optical potential is retained in the self-consistent procedure, one obtains 
an attraction of about —100 MeV at zero momentum and a very small imaginary part of 
around —3 MeV. This optical potential would lead to extremely narrow deeply bound kaonic 
states in nuclei. However, when the complete complex optical potential is self-consistently 
determined, the real part becomes 15% less attractive and the imaginary part increases to 
around —25 MeV, as a consequence of the widening of the antikaon strength which produces 
a KN amplitude smoother and more spread out over energies. 

We have obtained the kaon optical potential as a function of the K momentum, up to 
regions that are relevant in the analysis of heavy-ion collisions where antikaons are created 
with a finite momentum. Our results for the optical potential show a momentum dependence 
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which is moderate for the real part and significantly more relevant for the imaginary part, 
which is especially important for densities around the saturation density. 

We have also studied the efi^ect of including the higher partial waves of the KN inter- 
action. Some influence is already seen at zero K momentum but the largest effects appear 
clearly at large momenta, where the inclusion of the L > partial waves of the KN inter- 
action can practically double the size of the optical potential. At a ^ momentum of 500 
MeV/c the complex optical potential changes from the L — Q value of (—28, —39) MeV to 
(—52, —61) MeV when all partial waves are included. 
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APPENDIX A 



In this appendix we show how to compute the angular average of the Pauh operator, 

— * — * — 

Qkn- Defining P and k as the total and relative momenta of the KN pair, respectively 



P ^kK + kpf, k = 



(A.l) 



Mk + Mn 

— * — * 

we can rewrite the nucleon and antikaon momenta in the laboratory system, /cjv and A;^, as 



kN — —k 



1 + e ' 



— k -\- 



1 + e ' 



(A.2) 



where a galilean transformation has been used and ^ 



N 



M, 



The Pauh operator acts only 



K 



on the nucleonic line and, in symmetric nuclear matter, it reads 



QKN{P:k)^e\^\ 



P-k\-kF\ , 



(A.3) 



which depends on the angle between P and k. In order to eliminate this dependence, we 
introduce an angle average 



(A.4) 



QKN{P:k)^-J^ de Sine Q{P,k) , 



such that the resulting function, given by 



2kP-/ 



for I j^P - kp \< k < r^P + kp, 



1 




for k > -^^P + kF or k < ^P - kp, 
otherwise 



(A.5) 



depends only on the modulus of the relative and total momenta of the KN state. 
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APPENDIX B 



In this appendix we show how to compute an appropiate average of the KN center-of- 
mass momentum, P, and the nucleon momentum, kj^, given an external antikaon momen- 
tum, kj^, and a relative KN momentum, fc, used as integration variable in Eq. (plQl) . From 
Eqs. (A.l) and (A. 2) one obtains 

P= (1 + 0(4-^), kM = ikK-^ + ik . (B.l) 
The angle average of the center-of-mass momentum is defined as 



d{cos 6) P^{kf^, k, cos 6) 

P'{kK, k) = ^ J , (B.2) 

d{cos6) 



where P {kj^, k, cos 6*) = (1 + i) {kj^ + k — 2kxkcos9), with 6 being the angle between k^ 
and k. Similarly, for k% we have 

/ d{cos 6) klf{kj^, k, cos 6) 

klikR, k) = ^ J , (B.3) 

d{cos6) 



where k%{kK, k, cos 6) = (^k\ + (1 + ifk"^ - 2^(1 + A^ifA; cos 6. 

In both cases, the integration runs from cos6'm to 1, where the expression for cos 6'm, de- 
pends on two regions of integration, according to the restrictions imposed by Pauli blocking, 
and is given by 

^^fc| + (1 + - kl, \kF-i,kff\ / 7, < kp+^kft 

cosem = { 2ikR{l + i)k - - i+« ' (B.4) 

-1 for k < ^rf^ 



The resulting angle averages for P and k^ are given by 

[^kK + {l + Ok?-kj. 



P'{kK,k) 



(^^ + ^') 2^(1 + 



for <k< 



:i + 0'{k% + e) {ork<'^^ 

(B.5) 



k%{kK,k) 



ekl + {l + i?k^ 



k'p 



eki + (1 + ifk^ 



for \'^F^^^K 
iUi 

for k < ^ 



<C k < -^^ii^ 



1+C 



(B.6) 
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FIG. 1. Real and imaginary parts of the amplitude in the / = 0, L = channel as functions 
of the center-of-mass energy at total momentum \kj^ + kN\ = for various densities. 
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FIG. 2. Real and imaginary parts of the K optical potential at p = po as functions of the 
antikaon momentum. These results are obtained when only the real part of the K potential is 
determined self-consistently. 
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FIG. 3. Real and imaginary parts of the KN amplitude in the / = 0, L = channel as functions 
of the center-of-mass energy at total momentum + kj^\ = Q ioY various densities, as obtained 
from a self-consistent calculation with a complex K optical potential. 
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optical potential. 
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but obtained from a self-consistent scheme which uses the complex 
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FIG. 6. Real and imaginary parts of the K optical potential as functions of the antikaon mo- 
mentum for various approximations. Solid line: our results. Dashed line: nucleon recoil corrections 
neglected. Dotted line: nucleon recoil corrections neglected and free-particle spectrum used for 
nucleons. 
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